The behaviour of TiO 2 based electrodes was investigated during the photoelectrocatalytic water splitting process. TiO 2 nanotubes and compact oxide structures were obtained by electrochemical oxidation of Ti foils. A subsequent hydrothermal process carried out at both the nanotubular and compact oxide structures allowed decorating the structure by TiO 2 nanoparticles. The synthesized TiO 2 samples worked as photoanodes both in a bulk three electrode cell and in a thin gap cell. The results from measurements of the photocurrent and from electrochemical impedance spectroscopy were used to highlight a combined effect of the wavelength of the incident light and the kind of cell configuration, on the global performance of the systems. The results indicate that the decoration process does not result only in a simple increase of the specific surface, but it also determines a different concentration of the bulk and superficial sites in the electrode. The different response of the sites at different wavelengths, along with the accessibility of the electrolyte to the porous structure are evocated to justify the experimental behaviour observed.
Introduction
Hydrogen can be produced from various sources and by several methods. Among the others, photoelectrochemical (PEC) decomposition of water into hydrogen and oxygen may be considered as one of the most promising and ecofriendly methods. A PEC cell consists of a semiconductor electrode and a metal counter electrode immersed in an aqueous electrolyte. As the light hits the semiconductor surface, the electrode absorbs part of the light and generates electron-hole pairs. These electron-hole pairs react with water and split its molecule into hydrogen and oxygen [1] .
One of the main points, which affect the global efficiency of the process, is the recombination of the photogenerated charges. Depending on the electron-activity of the material and on the capability of the electrolyte to interact with the holes, the rate of displacement of the electrons towards the external circuit, as well as the rate of oxidation of the electrolyte, may be so high that recombination is limited. On the contrary, when these conditions are not fulfilled the global efficiency of the process may be heavily affected.
The semiconductor material may be considered the most important part of the PEC cell. As it is well known, several factors including size, specific surface area, pore volume, pore structure, crystalline phase, and the exposed surface facets may be determinant on the photocatalytic performance of a semiconductor [2] . Therefore, the electronics of the semiconductor material, its morphology, and the specific method used to perform its synthesis assume a particular relevance.
Among the different semiconductors tested to date, TiO 2 is still one of the most attractive photocatalyst because of its appropriate electronic band structure, photostability, chemical inertness, and commercial availability. A huge number of papers appeared in the literature on the synthesis of TiO 2 nano-or microstructures with different morphologies and properties [3] [4] [5] , always addressing the synthesis to obtain a high superficial area: spheres [6] , nanorods [7] , fibers [8] , 2 International Journal of Photoenergy tubes [9] [10] [11] [12] [13] , sheets [14] have been fabricated. In addition, decorated and hierarchical architectures have been proposed [15] [16] [17] [18] [19] . According to the definition of Lee [20] , the "hierarchical structures" consist of micrometer or nanometerscale structures, formed by the aggregation of nanostructured low-dimensional elements. Several strategies, such as template-sacrificial techniques [21] , hydrothermal [22] , and electrochemical processes [23] , have been employed for the fabrication of hierarchical TiO 2 morphologies. Moreover, the combination of different techniques of synthesis has been also used to obtain mixed nanometric structures [24] . Hollow structures, usually consisting of spherical structures derived from the organization of nanoparticles [25, 26] , and dendritic structures, arising from the organization of nanofibers or nanotubes [20] , are generally identified as possible routes to maximize both the surface/volume ratio of the material and the actual availability of surfaces. This fact may be one of the reasons for the increased performance of this kind of structures, when they are used as photocatalysts [27] . Another approach to improve the photoactivity of titania nanometric structures is the decoration with electron acceptors like noble metals [28, 29] or metal oxide nanoparticles which have been proved to increase the active surface area. Also the decoration of TiO 2 nanostructures with the deposition of titania nanoparticles can be used to enhance the roughness of the material [30] . Decoration of nanotubular TiO 2 structures with anatase nanowires has been recently proposed [31] : the decoration process induced a great enhancement of the interfacial area of the tubular structure.
The experimental work presented in this paper can be inserted in this framework. Investigation on TiO 2 nanostructured materials started in our laboratory since some years ago: firstly, the behaviour of the TiO 2 samples was investigated when they were used as anode in a three electrode bulk cell, during the process of photoelectrochemical water splitting. The attention was always paid on nanometric structures: since heterogeneous reactions are involved, so high superficial extent is always of great concern. Our study started considering particulated electrodes based on TiO 2 powder obtained by means of a ball milling process by which nanostructured particles were obtained [32] . Then nanotubular structures of TiO 2 have been synthetized electrochemically, since this kind of morphology is more indicated to favour a fast path for the electrons [33, 34] .
In the present paper we focus on the preparation and characterisation of electrodes obtained by combining electrochemical and chemical techniques: titania nanotubes have been fabricated by anodization and subsequently decorated with TiO 2 nanoparticles employing an hydrothermal treatment. The electrophotocatalytic performances of the samples have been investigated at different wavelengths of the irradiating light. Moreover, attention is paid in this case on the effect of the cell configuration on the global performance of the system. In particular the decorated nanotubes have been characterized by photocurrent tests and electrochemical impedance spectroscopies (EIS) and used as anode in a simple three-electrochemical cell configuration (BC). The samples have been also tested in a two electrodes thin gap cell configuration (TGC): this kind of configuration can limit the ohmic and diffusive resistances arising during the photoelectrochemical process since TGC is characterised by a distance between electrodes in the order of 25-500 m, which is a value not significantly larger than the Nernst diffusion layer [35] . The results of the present work allowed interpreting the singular combined effect of the light wavelength and of the cell configuration on the photocurrents. 2 Electrodes. All the samples were obtained from Ti foils (0.25 mm thick, 99.7% metal basis, Aldrich). A preliminary treatment was performed in which Ti foils were degreased by sonication in acetone, then in isopropanol, and finally in methanol; they were then rinsed with deionized water and dried in a Nitrogen stream. To obtain the nanotubular TiO 2 electrodes (NT), after this preliminary treatment the Ti foils were electrochemically oxidised at 20 V in a glycerol solution (25% H 2 O) + 0.14 M NaF for three hours. Then, the samples were annealed 3 h at 400 ∘ C in air.
Experimental

Preparation of the TiO
The nanotubular decorated electrodes (NTD) were obtained by a hydrothermal treatment: the nanotubular substrates were immersed in a bottle with diluted HCl solution under stirring for 20 min at room temperature. A Ti precursor (Ti isopropoxide) was added dropwise to the mixture and stirred for 1 h. The bottle was then sealed and heated at temperatures ranging from 80 to 140 ∘ C for different times, under slight stirring. After the reaction, the substrates were rinsed with distilled water and ethanol and annealed at 400 ∘ C. The compact oxides (OC) and the decorated compact oxide (OCD) electrodes were prepared with the same procedures described above, but without fluorides in the oxidation bath.
The four kinds of samples will be referred in the rest of the text as NT (TiO 2 nanotubes), NTD (TiO 2 nanotubes decorated), OC (compact TiO 2 oxide), and OCD (compact TiO 2 oxide decorated).
Experimental Apparatus.
The electrochemical experiments were carried out with a frequency response analyzer (FRA, Model 7200 AMEL) along with a potentiostat (AMEL 7050) or with an Autolab 320 potentiostat with FRA module (Metrohm, Switzerland).
Two kinds of electrochemical cells were used for the experiments. A three-electrode cell (beaker cell BC) was used for most of the electrochemical runs and for the main electrochemical characterisation tests. In the BC the TiO 2 sample was the working electrode (WE); the surface was partially shielded to have nominal electrode area of 1 cm 2 . A platinum grid and a saturated calomel electrode (SCE) were the counter (CE) and the reference electrodes (RE), respectively; all the values of potential in the text are referred to SCE.
Experiments were also performed in a two electrodes thin gap cell (TGC): in this case the TiO 2 sample (WE) was directly faced to the counter electrode (CE), in a filter press configuration, with an active anode surface of 0.4 cm 2 .
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The counter electrode was a commercial fluorine-doped tin oxide (FTO, supplied by SOLARONIX) over which nanoparticles of Pt were deposited in a very thin film so that the final surface remained optically transparent. A thin polymeric spacer (100 m thickness) was interposed between WE and CE to avoid short-circuits and contain the electrolyte. The cell was sealed by clips.
Experimental Runs.
Photo-currents tests were performed in 0.1 M KOH solution. The light source was a 300 W Xe lamp (Lot Oriel) equipped with an IR water-filter and with suitable optical filters to select the wavelength of 340, 365, 380, and 400 nm. Depending on the filter, the average light power (P) striking on the surface of the electrode ranged from 1.5 to 11 mW cm −2 . Preliminary potentiostatic runs were performed in order to individuate suitable potential values at which photocurrents measured at the different samples could be compared. As discussed below, a value of 1 V from the open circuit potential (OCV) resulted suitable for this comparison.
The photocurrent values were calculated by subtracting the values obtained in the dark from those measured under irradiation.
Electrochemical Impedance Spectroscopy (EIS) measurements were performed in 0.1 M KOH at different bias potentials in a frequency range from 100 kHz to 0.1 Hz. In order to measure the faradaic impedance of the samples specific measurements were performed in an equimolar 5 mM ferro/ferricyanide solution with 0.1 M phosphoric buffer at pH = 7. Figure 1 shows the SEM images of the electrodes: the ordered nanotubular structure of the NT and NTD electrodes is well evident: the mean diameter of the nanotubes is about 80-100 nm, the wall thickness is about 20 nm. The mean diameter of the nanoparticles in the decorated structures NTD and OCD is 20 nm. Figure 2 shows an example of trend of the normalised currents as a function of the overpotential (measured as difference between applied potential app and OCV), obtained at two different samples irradiated with 400 nm incident light. Depending on the samples the plateau of photocurrent saturation was well visible even at low overpotential, as in the case of the sample NTD in the figure; in other cases a higher overpotential had to be applied before achieving saturation. In order to make a comparison between photoactivity of all the samples an overpotential value of 1V was selected for the subsequent measurements, which resulted sufficient for the current at all the samples to be nearly independent from the applied potential. Figure 3 shows the trend of photocurrents measured at = 1 V and at different wavelengths at the four samples. The data were normalised with respect to the effective power (P) of the incident light, to account for the difference due to the filters of the Xe lamp. As we expected, the best efficiencies were obtained in the range of the lower wavelengths, indicating that only the most energetic light is able to activate the generation of charge in the structures of all the samples. Moreover, all data demonstrate the effectiveness of the decoration process (DP), which resulted in an increase of the photocurrent values: this is particularly evident in the range of the low wavelengths, whereas no appreciable difference is noticeable at the highest investigated wavelength (430 nm): in this case, due to the low absolute values of the currents measured, the comparison between the relevant behaviours tends to lose the significance. Further considerations can be derived from data related to the gain in photocurrent obtained with the decoration process. With this aim, data in the inset are shown in terms of the ratio between photocurrents measured at decorated and notdecorated samples ( = / ). As we can note was different for OC and NT samples, being higher for the compact oxides rather than for the nanotubes; moreover, for the two kinds of samples, the maximum gain in photocurrent due to the decoration occurs at different wavelength: the highest value of = 13.75 is obtained at 380 nm for compact oxides, while a value of 9.6 represents the best gain in performance achieved at 400 nm in the case of nanotubular samples. This trend could indicate that the gain in efficiency is not only due to the higher surface of the decorated samples, and it suggested us further investigation to individuate possible other influent factors responsible for the observed trend.
Results and Discussion
In this context the samples were characterised by impedance spectroscopy in the dark at different potential either in 0.1 M KOH or in ferro/ferricyanide. Figure 4 (a) presents the Nyquist plot of NT sample in KOH: a great dependence of data on the potential can be observed. The impedances are quite low in the range of potential in which the semiconductor is in accumulation regime, and then they increase when measurements are done in the potential at which the space charge of the semiconductor becomes depleted.
The Bode diagrams is also worth to be considered (Figures 4(b)-4(c) ): in the phase diagrams obtained at the more negative potentials two processes are evidenced at the highest and the lowest frequency, but when we move to more positive potentials a new time constant appears which may be attributed to the depletion of the space charge of the semiconductor.
If the analogous data for NTD sample are considered, ( Figure 5 ) lower values of the impedances in the Nyquist plot, with values of within the range 320-60 Ohm, can be observed. Moreover, data show a lower dependence on the potential.
On the basis of the results from EIS measurements carried out in the dark also the Mott Schottky (MS) analysis was performed. The imaginary component of impedance measured at each frequency is used in this analysis to evaluate the space charge capacitance as = 1/2
, and its trend with potential allows to derive information on the semiconductor behaviour. In particular, for an ideal capacitive behaviour of a n-type semiconductor a positive slope of the linear trend of 1/ 2 versus is obtained, and flat band potential and donor concentration of the semiconductor can be derived from this trend. It should be noted that MS analysis is strictly applicable to regular compact oxides and under depletion conditions of the space charge layer. However, it is often applied also to irregular geometries with porous surfaces as well as to nanotubular layers [36] . Figure 6 shows the MS data for the sample NTD: a strong spreading of data with the frequency was obtained, as we expected due to the high porosity of the sample. We also can note at the highest frequencies ( Figure 6 , < 100,000 Hz), the positive slope of the linear part of the curves, as it is due to an n-type semiconductor. But if we observe the data at lower range of frequency ( Figure 6 , < 25,000 Hz), the trend changes and also a change in the slope appears ( Figure 6 , < 3,000 Hz). A different behaviour was observed for the NT sample ( Figure 7 ): also in this case a high dispersion of data can be observed, but the change in the slope did not occur, even at very low frequency region (Figure 7 , < 100 Hz). This difference between NT and NTD samples indicates a possible change in the distribution of the sites of different nature involved in the charge transfer process in the semiconductor [37] .
Further information was obtained from the results of EIS measurements in ferro/ferricyanide solution. This couple is a well-known reversible redox couple which is generally used to measure the faradaic impedance, that is, the ability of the solid/solution interface in the charge transfer process.
The relevant impedance spectra of NT and NTD samples are shown in Figure 8 : the diameter of the semicircle of the NTD spectrum is about 5 times lower than that related to the NT. Since the diameter of the semicircle in the Nyquist plot can be directly related to the charge transfer resistance, this result indicates that the DP generated new sites in the structure, which favour the charge transfer process at the solid/liquid interface. The results obtained can be explained considering the nature of the defects which determine the behaviour of TiO 2 . As it is well known the photoactivity of titania is strictly connected to the defects which are originated in its structure: TiO 2 would not be active if it was not defective [38] [39] [40] . In particular, to describe the photocatalytic activity of TiO 2 , we should consider the oxygen vacancies, the Ti vacancies, and the Ti interstitials [41] . The oxygen vacancies or the interstitial Ti, which by their nature are donors, correspond to energetic levels near to the conduction band [42] . It is generally accepted in the literature that in a nanotubular structure this kind of defects is mainly concentrated at the walls of nanotubes. The Ti vacancies are acceptors and correspond to energetic levels near to the valence band. These defects are mainly located in the bulk material, such as in the compact layer which has not been interested by tubes formation [37, 43] .
All the above results could indicate that the decoration process allowed generating new interphases at which the concentration of superficial states is very high: a high concentration of O 2 vacancies may be generated at the grain boundaries of the nanostructured particles. This results in a high conductivity, a high concentration of donors in the space charge, and in turn the low dependency observed of the data on the potential ( Figure 5 ). Their effect is so important that the effect of the bulk sites is shielded: we can see the contribution of the bulk sites only by perturbing the system with very low frequencies (see Figure 6 ).
The performances of the samples have also been tested in a TGC: the values of photocurrent obtained at 365 and 400 nm are reported in Figures 9(a) and 9(b) , respectively, along with those obtained in the BC for comparison. As can be seen, also in this case the DP led to higher values of photocurrent.
International Journal of Photoenergy In order to explain the combined effect cell configurationwavelength in Figure 9 , the previous considerations have to be completed with the effect of the radiation on defects, as well as with the relevance of the different phenomena involved in the whole process of charge transfer across the cell. Considering that the main steps of the process are the charge transfer in the electrolyte/electrode interfaces, in the electrolyte and in the solid film, the process can then roughly sketched as a three in series impedances: corresponding to the solution ( ), the solid film ( ), and the solid/liquid interface. A further element should be considered in the TGC, due to the presence of the counter electrode/electrolyte interface. Passing from BC to TGC is expected to result in a significant decrease of the diffusive resistance, since the interelectrode gap of TGC is in the order of magnitude of a diffusion layer [35] . As stated above a high concentration of highly conductive superficial sites is present in decorated structures (NTD and OCD) due to the DP. Depending on the wavelength of the incident light, these sites may be more or less involved in the process. Actually, the lower the wavelength, the higher the energy; at the same time, the absorption coefficient of the light increases as the wavelength decreases and in turn a lower penetration path of the radiation is obtained at the lowest wavelength.
At 365 nm the light is energetic but it could be not enough penetrating, so that superficial states are mostly involved in the response, while bulk defects are not significantly interested. The performance is mainly determined by the contribution of the tube walls and of the nanoparticles distributed on them. The high conductivity of the decorated samples (either NTD or OCD) makes the photocurrent at the electrode sufficiently high itself, so that the solution impedance limits the process. This may justify the results in Figure 9 (a): passing from the BC to the TGC results in a decrease of the total impedance, and this in turn increases the performance of the process, because it allows reducing the limiting step ( ).
This effect is not evident in NT and OC samples: the slight lower performances obtained at TGC may be due to the presence of the counter electrode/electrolyte interface [35] which becomes more significant when the sample presents lower conductivity as in the case of NT and OC.
When the wavelength of 400 nm is considered (Figure 9(b) ), we observe a different behaviour. The energy of radiation is lower, and the absolute values of photocurrent measured are lower than in the previous case. The radiation (more penetrating) is able to involve also the bulk sites, mainly concentrated in the compact layer of the structure, and their response may be relevant and comparable to that of superficial states. A different trend of the results is obtained at this wavelength depending on the samples: the accessibility of the compact layer of the structures becomes a crucial point. Actually, the results in Figure 9 (b) indicate that the performance of NT is poorly affected by the cell configuration: in both the configurations the electrolyte is able to easily contact walls and bottom of the tubes so that bulk and superficial states may give their contributions to the current. Also in this case the low decrease of the photocurrent, passing from the BC to the TGC, may be attributed to phenomena related to the counter electrode.
A strong difference in the performance of the two cell configurations is instead obtained when NTD sample is considered. In this case the presence of the nanoparticles may limit the accessibility of the electrolyte to the bottom of NTs (compact layer), and in turn the contribution of bulk sites is excluded. This effect is much more evident at the TGC International Journal of Photoenergy 9 where only a thin layer of electrolyte may be not sufficient to guarantee a suitable interphase solid/electrolyte.
When compact oxides are considered, at the wavelength of 365 nm we observe (Figure 9(a) ) an analogous behaviour as in the case of NT structures: the removal of the component leads to high photocurrents at TGC rather than at BC. However, differently from what we observed at NT structures, in the case of OCD, the performance at TGC remains better than at BC also at 400 nm (Figure 9(b) ). The results could be justified by considering that in this case the availability of the bulk sites is not hindered, since the compact layer of the oxide is directly connected to the particles of the decoration, so that eliminating the solution does not compromise the global efficiency but rather leads to a beneficial effect in terms of reduced global impedance.
Conclusions
The photo electrochemical performances of titanium oxide based anodes were investigated in this work. The presence of TiO 2 nanoparticles on the surface of the titania anodes generally led to higher values of photocurrent, which are correlated to a higher superficial area of the resulting samples, but also to a higher concentration of superficial states that confer high conductivity to the samples. A strong influence of the wavelength of the incident light was observed, and a singular combined effect wavelength-cell configuration has been evidenced. Results demonstrated that, depending on the cell configuration and on the wavelength of the irradiating light, the superficial and bulk sites may be involved in the process in different extent. The concentration of the two kinds of sites, as well as their accessibility by the electrolyte, resulted to be crucial in determining the final performance of the samples.
